Molecular communications provide an opportunity to understand the complex mechanisms in living individuals. In this work, we employ the calcium signaling among a group of mobile cells to study the multi-modality behavior of mobile molecular communication networks. We study such behavior from a multimedia view by using the experience of traditional communication networks. In the beginning, we employ a random walk model to study the stochastic mobility of biological cells and dynamic property of cellular networks. Then, we propose a mathematical model to illustrate how calcium signals are generated and propagate in mobile networks. In addition, we propose a multimedia theme to study molecular communications. In this regard, we discuss two transmission forms of calcium signaling, namely concentration transmission and waveform transmission. Further, a simulation is executed to illustrate the patterning of calcium signal waveforms and the results indicate the performance is restrained by environmental factors. The results also exhibit the performance differences of two transmission forms and validate the discussed properties of our proposed multimedia theme.
I. INTRODUCTION
Fast development of nanotechnology enables the manufacture of nano-machines to explore the secrets of microworld. To overcome the limitation of power and functionality, groups of nano-machines have to cooperate to achieve plenty of complex applications, such as nano-medicine and drug delivery [1] . In nature bio-systems, organs and tissues generally interact with each other to share the substance, power and information in level of molecules (including particles, ions). Through investigating these phenomena, molecular communication (MC) is proposed as a tool to implement the cooperation of nano-machines.
Calcium (Ca 2+ ) signaling has been studied as a typical case of MC among biological cells due to its importance, universality and plasticity in bio-systems. Ca 2+ signaling The associate editor coordinating the review of this manuscript and approving it for publication was Qing Yang . is important and common since it plays significant role in almost all of physiological activities. Also, Ca 2+ signaling is usually triggered by external or self stimuli, moulding abundant waveform patterning for molecular communication. During a long period, early work of Ca 2+ signaling addresses physiological mechanisms affecting metabolism of biological cells. Engineers then employ information technology in quantitative research of Ca 2+ signaling. At present, most of existing literatures focus on the transmission of Ca 2+ signaling in static cellular networks. However, experimental evidences reveal that Ca 2+ signaling promotes the movements of cells, and in return, Ca 2+ signaling is impacted by the movements of cells [2] , [3] .
Benefited from lasting development of communication technology, multimedia applications on the internet provides plenty of content forms such as video, voice, text, etc. Communication terminals integrate these different forms into the physical patterns via emerging technologies improving the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ experience of users. For instance, progress of machine learning has enhanced the development of multimedia transmission for IoT applications [4] , [5] . The idea of multimedia can be utilized into many bio-systems considering their significant diversity and complexity. Accordingly, bio-signals usually contain abundant contents in nature, that is named multi-modality. In nature, many species of cells require sufficient concentration of molecules to support the metabolism activities in many processes like cell appreciation, cell mitosis, cell growth, etc. In these cases, cells are more sensitive to accumulated concentration rather than regulating patterns of concentration. Differently, cells extract information based on the changing patterns of concentration, i.e., waveforms.
In this work, we study multi-modality of Ca 2+ signaling in molecular communication. Accordingly, Multi-modality of Ca 2+ signaling is considered containing two content forms including concentration transmission which provides the energy (or nutrition) to support metabolism activities, and waveform transmission which is available to spread information among different cells.
To initiate this work, we choose a group of non-excitable mobile cells to form a dynamic cellular network. We address mobile molecular communication issue using Ca 2+ signaling and introduce the concept of multimedia from the traditional communication networks. To the best of our knowledge, it's an early work to integrate the areas of multimedia and molecular communication. The target of this work is to analyze multi-modality behaviour and performance of Ca 2+ signaling in molecular communication. In detail, we aim to estimate how far and how fast that various forms of Ca 2+ signals propagate. The contributions of this paper are concluded as follows:
• We construct a solid model of Ca 2+ signaling, where multiple practical factors of dynamic networks are considered to increase its realistic and effective level. In particular, we consider the intracellular oscillation, gap junctional transmission, external diffusion and decaying of Ca 2+ signals in the proposed model.
• Based on a multimedia view, we delineate a multimedia theme to expound the multi-modality feature of Ca 2+ signaling. In detail, the proposed theme includes two transmission forms, i.e., concentration transmission and waveform transmission. We also discuss the properties and difference of two transmission forms on the behaviours and performance of Ca 2+ signaling.
• We validate the proposed multimedia theme of Ca 2+ signaling model using a Monte Carlo simulation. The simulation contains two folds: first, we examine how different patterns of Ca 2+ signals emerge and change among multiple hops of cells; second, we examine how Ca 2+ signals transmit waveform and concentration in mobile cellular network.
The remainder of this paper is organized as follows. In Section II, we propose a dynamic cellular network formation model considering the cellular mobility and states of gap junction channels. In Section III, we establish a model of Ca 2+ signaling covering various propagation factors. In Section IV, we establish a multimedia theme of Ca 2+ signaling covering two forms of transmission. In Section V, numerical results are obtained to verify our proposed theme. Finally, we conclude the paper in Section VI.
II. RELATED WORK
In order to explore the topic of molecular communication, we have checked plenty of papers which address the multimedia issues in traditional communication networks. [6] has investigated the offloading policy in heterogeneous wireless networks in order to improve the mobile users' service experience among multimedia applications. User centric video transmission mechanism and social attribute aware incentive mechanism have been proposed for D2D communications, which guarantee the reliable multimedia transmission [7] , [8] . In [9] , a transmission mechanism has been proposed based on the similarity for internet of vehicles. [32] has investigated the socially aware energy-efficient mobile edge collaboration for video distribution. [36] has proposed a mobile edge computing architecture for regulating and reducing hate content of social media at the user level. [37] has given a brief review of recent progress in traffic dynamics on multi-layer networks. [33] has proposed a new On-Off attack resisting data forwarding mechanism in mobile social networks. [34] has investigated the dynamic trust relationships aware data privacy protection for mobile crowd-sensing. [31] has proposed a model for cooperative video media transmission algorithm based on stable matching in cooperative D2D communications.
In the literature of MC, mobility issues are studied while Ca 2+ signaling is not considered as an underlying physical mechanism in such studies. For instance, [18] has evaluated the error performance of diffusive MC in a mobile environment. [19] has proposed an epidemic information dissemination method for mobile molecular communication systems by leveraging the mobility of bio-nanomachines. [20] has designed and tested a new family of forwarderror-correction codes, which is verified by an macroscale experimental system. [21] has introduced a mobile ad-hoc molecular nanonetwork consisting of mobile nanomachines, and incorporated the effect of mobility into communication performance. [22] has introduced a formalism for modeling time-variant channels for diffusive molecular communication systems, and analyzed the error performance of such channels. [23] has proposed a spatial-pattern formation model of mobile bio-nanomachines based on diffusion-based MC.
Ca 2+ signals are initially investigated by biologists as an important indicator among large scale of physiological activities. By integrating information science, one pioneer work of [13] has discussed a Ca 2+ dynamic mechanism in intra-body environment from an engineering view. Different biological experiments were designed and formed to observe oscillation of Ca 2+ signals [39] . Based on the experimental data, increasing number of differential models are used to fit the patterning of Ca 2+ signals, containing both determinate models [12] and stochastic models [38] . In addition, [15] , [16] have compared Ca 2+ signaling performance among different types of biological cells for applications of detecting tissue abnormality. In addition, our previous works have investigated the impact of factors on Ca 2+ signaling, including gap junction channel gating [14] , environmental noise [10] and cellular mobility [11] . These previous work lays a foundation to motivate this work and obtain updated findings.
III. DYNAMIC NETWORK MODEL
In this section, we employ a model to illustrate the dynamic properties of molecular communication network. The network is composed of a group S of cells, and the quantity of cells is calculated by |S|. Each cell i ∈ S moves and forms gap junction channels (i.e., links) with other cells or loses gap junction channels that it formed. This way, the network dynamically changes its topology. In this work, we consider an infinite network, i.e, motion trails of cells have no boundaries in the space. In the following, we integrate both cell movements and gap junction channel formation to present the dynamic network model.
A. DYNAMIC MOVEMENTS OF CELLS
Biologists have found that cellular movements have direct relation to Ca 2+ signaling. For instance, the propagation of Ca 2+ signals is promoted by migration behavior of endothelial cells [2] . Correspondingly, different moving patterning of Ca 2+ signals promotes movements of biological cells [3] . In addition, cell movements appear to be stochastic according to experimental investigations in [2] , [3] , [17] .
The stochastic moving pattern of cells is studied based on a rotational random walk model [24] . Assume that cell i is at position [x i (t), y i (t)] at time t, and cell i's position at time t + 1 is then expressed as follows,
where θ i (t) indicates the moving angle of cell i at time t, v(c i (t)) is the average velocity of cell i, c i (t) is the cytosolic Ca 2+ concentration of cell i, and ϕ i is a variable which indicates a stochastic angular displacement. Note that, in the above model, velocity v(c i (t)) of cell i is positively related with cytoplasm Ca 2+ concentration c i (t), based on experimental observations in [2] . By using a linear equation for simplicity, we express such a positive relationship as
where c is the average cytoplasmic Ca 2+ concentration of a cell. q 1 and q 2 are respectively slope and bias parameters, which are calculated based on data fitting using data available in [2] .
B. STOCHASTIC STATES OF GAP JUNCTION CHANNELS
In this work, we assume that Ca 2+ signals propagate via gap junction channels. The formation of gap junction channels among cells enables the propagation of intercellular Ca 2+ signals, which in turn modulates cell mobility and thus changes the network topology.
On the surfaces of cells, there exit connexin hemi-channels, which are combined to form gap junction channels. The formation of hemi-channels is a multi-step stochastic process [25] . The first step is the integration into membrane proteins in the endoplasmic reticulum (ER). The second step is the oligomerization of connexins into connexons, which also occurs in the ER. The third step is the transportation of the connexons from the ER to cell surfaces. The stochastic formation of gap junction channels is facilitated by multiple factors, like collision of moving cells, conductance of hemi-channels [26] and secretion of chemical inhibitors [27] . In this paper, we develop a simple probabilistic model of gap junction channel formation and disassembly.
Let G ij be gap junction channels between cells i and j, and d ij be the distance between the two cells i and j. When cells i and j are in close proximity (d ij < d 1 ) at time t, they form gap junction channels G ij with probability p. When G ij is formed, intercellular Ca 2+ signals propagate between the two cells (i and j), which is described in next section. G ij is then maintained until they move away from each other (d ij > d 2 ). Note that the value of p is determined based on experimental results of gap junction channel formation [28] .
IV. CALCIUM SIGNALING A. INTRACELLULAR CALCIUM OSCILLATION
The intracellular Ca 2+ signals are triggered by external hormonal stimuli, which open Ca 2+ channels of internal stores and release Ca 2+ ions into the cytoplasm. For cell i, let c i be the Ca 2+ concentration of the cytoplasm, and e i be the Ca 2+ concentration of internal Ca 2+ stores. In general, the corresponding system of Ca 2+ dynamic could be described using following difference equations,
where ψ 1 ∈ R 2 and ψ 2 ∈ R 2 are two complex functions. ε is a vector of multiple parameters. Note that a great number of Ca 2+ signaling models uses different shapes of ψ 1 and ψ 2 . Specifically, we describe the intracellular Ca 2+ signaling based on the widely accepted model below [29] .
We explain above equations as follows:
• a 0 indicates the influx of Ca 2+ from the extracellular space into the cell, and a 2 c i indicates the efflux of Ca 2+ out the cell. The two parameters are related to the concentration difference between inside and outside of cell membrane. When Ca 2+ signals are constantly generated in the network, such concentration difference is determined by the external diffusion of Ca 2+ ions.
• In Q 1,i , ω(t) · b 1 denotes the rate of Ca 2+ release inside the cell indicating the strength of external hormonal stimulus at the sender cell, which is source generation of Ca 2+ signals.
• Q 2,i and Q 3,i are related to the exchange of Ca 2+ between the cytoplasm and internal store. They are regulated by the gating properties of ion channels on the surface of internal stores.
• In Q 2,i , b 2 denotes the maximum rate of cytoplasm Ca 2+ pumping into internal store, and b 3 denotes a threshold constant of pumping.
• In Q 3,i , b 4 denotes the maximum rate of Ca 2+ releasing from internal store into cytoplasm, b 5 and b 6 respectively denote the threshold constants of releasing and activation [29] .
• I G indicates the gap junctional transmission of Ca 2+ signals, which is mainly determined by the gating property of gap junctional channels. I D indicates external diffusion of Ca 2+ signals, which is mainly determined by the distance and property of the communication medium.
B. GAP JUNCTIONAL TRANSMISSION OF CALCIUM SIGNALS
Ca 2+ signals propagate from one cell to the other when gap junction channels are formed between them, and we say the two cells are connected. See FIGURE 2(a) , Ca 2+ signals propagate from cells i to j if G ij is formed. Increased Ca 2+ signals in cell i stimulate the internal Ca 2+ stores of cell j to release Ca 2+ in cell j. The cytoplasmic Ca 2+ of cell j then starts to oscillate. In biology, such phenomenon is named Ca 2+ induced Ca 2+ release (CICR). When one cell receives Ca 2+ signals and starts to oscillate, it transmits both energy and information to adjacent cells. The gap junctional transmission of Ca 2+ signals from cell i to j, denoted by I G , is given by
where ξ i,j is the coupling coefficient for a pair of cells i and j, indicating the permeability of Ca 2+ signals across the two cells. C i is a set of cells containing all cells with which cell i forms gap junction channels. Coupling coefficient ξ i,j could be determined by the number and states of gap junction channels.
C. EXTERNAL DIFFUSION OF CALCIUM SIGNALS
External diffusion is another transmission way of Ca 2+ signals. Similar with the movements of biological cells, the diffusion process of Ca 2+ ions could be active or passive. Active diffusion motion is normally leaded by directional force, like chemotaxis, phototaxis, etc. Passive diffusion is normally leaded by random force, such as thermal noise. In this work, we just consider the passive diffusion of Ca 2+ signals.
In this case, Ca 2+ ions perform random walks between isolated cells, see FIGURE 2(b). We use Fick's Second Law to model the propagation patterns of passive diffusion. In twodimensional space, the diffusion process is given by,
where D denotes the diffusion coefficient of Ca 2+ ions, which is determined by multiple factors, including the size of particles, environmental temperature and fluid viscosity. R(t) denotes the generation rate of Ca 2+ concentration in the sender cell, which is given by ω(t) · b 1 . x and y are two coordinates of the space. Let x 0 and y 0 be the original coordinates, diffusion distance r d is calculated as (
The solution of (13) varies according to the pattern of R(t).
In this work, we consider that ω(t) is a constant during a long enough time, i.e., Ca 2+ signals are constantly generated. Accordingly, the solution could be obtained based on the derivation of Green Function. Diffusion term I D is positively related to the concentration difference |c − c i |. Note that the distribution of cells may significantly regulate the diffusion process. That is because adjacent cells may absorb or release Ca 2+ ions, which may change the external Ca 2+ concentration of distant cells. Such influence is enhanced with the increase of cell density of the space. Also, passive diffusion decays seriously with distance. Hence, we just consider the diffusion in a short distance, i.e., the diffusion of Ca 2+ between two visible cells is effective.
D. DECAYING OF CALCIUM SIGNALS
It's well known Ca 2+ signals decay in various degrees during the propagation process. It may be helpful if the decaying could be quantized in order to understand how far Ca 2+ signals can propagate. Different factors result in the decaying of Ca 2+ signals. In nature, one factor is the Ca 2+ buffering in the cytoplasm, which restrains the process of intracellular calcium oscillation. Ca 2+ ions react with protein buffers, and decay of Ca 2+ concentration c a is accelerated inside the cells compared with the ideal case. One typical reaction process could be expressed by the following formula,
where A denotes the reaction buffers which decrease the concentration c a . In the beginning, r 1 is usually greater than r 2 until forming a new balance. During the process, a certain degree of Ca 2+ concentration is decreased. We introduce a negative exponential function γ (t) to model such decaying process, denoted by,
where λ d is the decaying rate, which is determined based on the observed data of biological experiments and estimated based on some statistic methods.
V. MULTI-MODALITY OF CALCIUM SIGNALING
In this section, we present the multi-modality behavior of Ca 2+ signaling for mobile molecular communication networks. The multi-modality of Ca 2+ signaling is proposed as a multimedia theme, which contains two transmission forms: concentration transmission and waveform transmission. The transmission of concentration allows abundant exchange of ions through gap junctions or external diffusion, which maintains the energy supply of normal bio-activities of cells. The transmission of waveform in Ca 2+ signal implies information exchange through modulation and coding, which promotes the cooperation of adjacent cells. To illustrate the multimedia theme, we make the following assumptions:
• We ignore the noise inside and outside the cells.
• The permeabilities of gap junctional channels among the cells are assumed to be equivalent and constant.
• The moving velocity of cells are are equivalent and constant. In the following, we introduce the two forms in detail.
A. CONCENTRATION TRANSMISSION
The diversity of the bio-substance in nature cells increases the complexity of the molecular communication design. Typical bio-substances range from micro to macro scopes, including multiple species of ions (eg. Ca 2+ , Mg 2+ Na + , Cl − , etc), molecules (eg. proteins, DNA, RNA, etc), and some big particles in various flows. In almost all types of the physiological activities, a certain concentration of bio-substance is required in order to provide enough nutrition and energy for biosystems. Many cells go die if their Ca 2+ concentration is extremely low. Accordingly, cells react via self-protection to maintain their Ca 2+ concentration in a suitable scope. The transportation of Ca 2+ signaling is another way to regulate the concentration and bring necessary nutrition and energy. In this work, we propose a model to describe the transmission of Ca 2+ concentration, which is based on the experimental studies of Ca 2+ flows in biological tissues and cells. The average concentration of Ca 2+ (denoted byc) is introduced to quantify the Ca 2+ ions in cytoplasm, which is calculated by integrating the concentration data during a period T ,
Let N S denote the number of cells that transmit the concentration in the network. The concentration transmission is effective ifc exceeds a threshold θ c , which is based on the perception theory of cells. However, concentrationc decays in intercellular transmission processes, as we have mentioned in previous sections. Let ι c denote the decaying rate of c a . Here, a target is to estimate ι c in order to obtain strategy to enhance the transfer of Ca 2+ . Assume that Ca 2+ signals are initially generated in cell 1, and propagate in an array 1, 2, ...i..., k, and cell k is the first one whose concentration is smaller than ι c . In this simple case, N S is calculated as k − 1. For cell i in period T , the increasing concentration c + i can be simply reduced to,
where I + e contains the increasing concentration from the internal store and release of buffers. I + G and I + D are respectively increasing concentration via gap junctional transmission and diffusion. I + G is positively related to the number of gap junctional channels during T ,
From cell 1 to k, ι c can be calculated according to the collected concentration of Ca 2+ signals in cell j,
wherec k andc 1 respectively indicate the average Ca 2+ concentration of sender and receiver cells. ι c can be used to estimate N S . In static networks, the network topology remains constant. N S is just related to the network topology.
In the mobile networks, the network topology changes and different cells collide to form gap junction channels. N S is related to the density of cells ρ in the space and cellular moving velocities v.
B. WAVEFORM TRANSMISSION
Ca 2+ signals transmit information if the information of oscillation pattern can be successful extracted by the receiver cells.
In the sender cell, c varies with stimuli intensity (ω). Existing studies tell us proper intensity stimuli promote the oscillation of Ca 2+ signals. In one cell, we assume the waveform transmission of Ca 2+ is stopped once the varying rate of concentration in the cytoplasm is close to 0. This case is named silence condition, which means Ca 2+ signals in the cells cannot be demodulated. To insure modulation of Ca 2+ signals in the cell, the following equations shall be satisfied,
where θ s is a threshold which quantifies the average oscillation in a duration. The solution of (21) is the root of one-dimensional polynomial of seven degree.
In another oscillating cell in the network, various degrees of Ca 2+ signals transmit waveform. Here we address the modulation issue of Ca 2+ signaling. In order to implement modulations, two waveform indicators are applied in molecular communication, which are amplitude A c and frequency f c . Our target is to transmit waveform using both A c and f c .
Based on existing studies, it's widely known that Ca 2+ waveforms behave as an approximate array of periodic impulses in the ideal environment. During a period T , assume there are totally M i impulses and bottoms, which appear alternately. Let c p (j, t b (j)) be the concentration of the j th impulse, c b (j, t n (j)) be the concentration of neighbouring impulse bottom. Let t p (j) and t b (j) be their corresponding time. Then, A c and F c of cell i are calculated by,
Since external chemical stimuli are the key to trigger Ca 2+ signaling, the pivotal scheme is to obtain the relation between stimuli ω and waveform indicators. Based on the pulse detection scheme [10] , we classify Ca 2+ signals into three types: ''undetectable'';''available'';''unavailable'', see FIGURE 3. ''Undetectable'' signal means it's unable to detect a pulse of Ca 2+ waveforms. ''Available'' signal means a regular pattern available for modulation. ''unavailable'' signal means an irregular pattern unavailable for modulation. Note that only the ''available'' pattern can be demodulated to extract the information. We consider the hybrid modulation (AFM) in Ca 2+ signaling, which properly integrates the amplitude modulation (AM) and frequency modulation (FM). As shown in FIGURE 4, AM is designed based on the difference of impulse amplitude (A c,0 and A c,1 ). In this case, the interval between two neighbouring impulses is a constant value; FM is designed based on the difference of impulse interval (τ 1 and τ 2 ). In this case, the impulse amplitude is a constant value τ 1 ; AFM is designed based on obvious differences of both impulse amplitude and impulse interval.
The number of cells which transmit available waveforms is denoted by N I , and impacted by the decay of A c,i and F c,i . Such decay is discrete which means the two indicators in each cells are discrete. Similar with concentration transmission, Ca 2+ signals are initially generated in sender cell 1, propagate in an cell array 1, 2, ...i..., k. Cell k is the first cell whose A c,k or F c,k cannot be extracted. In this simple case, N I is k − 1. However, such decay is nonlinear in a limited scope of ω. Thereby it's difficult to express the decay rate of A c,k or F c,k . We will study their relation via computer simulation.
VI. PERFORMANCE EVALUATION
In this section, we conduct a Monte Carlo simulation using MATLAB and evaluate the performance of proposed models for mobile molecular communication networks. 
A. SIMULATION DESIGN
We consider one sub-group S S of cells as a group of senders. Hormonal stimuli are bound to the sender cells' surfaces, which constantly generate Ca 2+ signals and propagate to adjacent cells if gap junction channels are formed with them. All cells move based on the mobility model described in Section II and change their positions dynamically. Under these conditions, we examine through multiple simulation runs how many receiver cells are activated by Ca 2+ signals. The number of activated cells indicates how far Ca 2+ signals propagate, thereby we apply it as the index of communication performance. Cells are initially placed at random locations which follow a uniform distribution in two-dimensional space. In simulations, time is divided into time slots, and the positions of cells are updated per time slot.
The parameter values are set as follows. The number S S of sender cells varies between 1 and 5. The cell diameter d c is set as 10 µm. The threshold distances d 1 and d 2 at which cells form or break gap junction channels are respectively 10 µm and 12 µm. Each simulation is run for 75 mins. The coefficient of hormone stimulus ω is set as 0.6. The permeability coefficient of gap junction channels ξ is set as 1.2. The moving velocity v of a cell varies from 5 to 35 µm/h. The number |S| of cells is fixed as 30. The probability of establishing gap junction channels p varies from 0.3 to 0.8. In order for cell mobility and Ca 2+ signaling to occur in the similar time scale, parameters of intracellular Ca 2+ signaling are revised based on [30] : a 1 = 1 · min −1 , a 2 = 0 · min −1 , a 0 = 0 µm · min −1 , b 1 = 7.3 µm · min −1 , b 2 = 65 µm · min −1 , b 3 = 1 µm, b 4 = 500 µm · min −1 , b 5 = 0.9 µm and b 6 = 2 µm. The simulation is repeated 1000 times to obtain the results. Decaying rate λ d is set as 1.
B. CA 2+ SIGNALING VALIDATION
We check the patterning of Ca 2+ signals in different running of simulations. One example is shown in FIGURE 5, where Ca 2+ signals propagate during 10 cellular hops of transmission, and the waveforms are recorded in the 10 cells. As we can see, Ca 2+ signals propagate as a periodic wave in most cells. The frequency and amplitude of a Ca 2+ wave vary depending on conditions including time and number of cellular hops, and the propagation distance of Ca 2+ signals in a cellular network can be limited. Based on the detection technic proposed in the previous section, we can determine whether a cell transports mensurable concentration or available information. For instance, we set parameter ζ = 0.6. Cells of 2 to 7 transmit both mensurable concentration and available waveform, while Cell 1 just transmits mensurable concentration, while Cells 8 through 10 transport neither.
In FIGURE 6 , we present how amplitude and frequency of Ca 2+ signals decay in the transmission process by processing the data of FIGURE 5. In (a), we see that amplitude first stays in a high level and decreases slowly when hop grows from 1 to 7, then decreases sharply from 7 to 10. In (b), we see that the frequency is low in hop 1, and sharply increases into a high level in hop 2, and then decreases slowly. Integrating the two figures, we obtain the same conclusion with FIGURE 5. When both amplitude and frequency are high enough for extraction, cells transmit waveform and concentration; when amplitude is high while frequency is low, cells transmit concentration; When both amplitude and frequency are low, cells transmit neither. 
C. CELLULAR NETWORK VALIDATION

]
In FIGURE 7, we show an example simulation run where 30 cells are initially placed at random locations in the two-dimensional space. This simulation lasts for 75 mins. At the beginning, there is no Ca 2+ signals generated in the cellular network. The network topology changes dynamically as time progresses, and an increasing number of cells is detected to transport waveform and concentration via Ca 2+ signals. In this process, N S is slightly larger than N I , which conforms with the prospective results. In the end, the network topology becomes stable, and most of the cells are found to oscillate via Ca 2+ signals. We use this example to demonstrate the behaviour difference between two transmission issues via Ca 2+ signals. FIGURE 9 shows the relationship between the percentage of cells of two transmission issues and cell velocity. The results are obtained based on repetitive running simulations during the time period of 75 mins. The results show that both the percentage of N I and N S are convex functions with time, i.e. they have an optimal point. Also, the moving velocity of cells v directly impacts the percentage of N I and N S . When v = 0µm/h, the percentage of N I and N S remain low, while difference |N S − N I | is small. When v increases from 0 to 15µm/h, the percentages of N I and N S reach a plateau, while difference |N S − N I | is large. However, when v exceeds 15µm/h and further increases to 30µm/h, the percentages of N I and N S decrease rapidly. We can see that: 1) there exists an optimal moving velocity that can maximize the percentage of the activated cells; 2)the difference between transporting concentration and waveform varies with the moving velocity.
The relationship between the percentage of N I , N S and time is presented in FIGURE 8. It's easy to see that N I and N S increase with time. However, the increasing rates of N I and N S decrease since the two percentages become saturated that are restrained by the decaying of Ca 2+ signaling. By comparing the curves of different v, we find that the maximum percentages are obtained when v = 15µm/h, which conform the results of FIGURE 9. One special case is when v = 0µm/h, N I and N S increase extremely slow, since the transmission of Ca 2+ signals mainly relies on the external diffusion, which is ineffective compared with gap junctional transmission. By comparing the curves of N I and N S under a same set of v, we see that the difference |N S − N I | is largest when when v = 15µm/h. This also accords with the results of FIGURE 9 .
The relationship between the percentage of activated cells and probability of gap junction formation p is presented in FIGURE 10 . Similar to FIGURE 8, we see that when v = 0µm/h, the percentage of N I and N S remain low and stable; when v > 0µm/h, the percentage of N I and N S increase with p. This is because increasing the probability of gap junction formation increases the portion of gap junctional transmission, and promotes the efficiency of intercellular Ca 2+ signals to propagate from one cell to the other. The percentage of N I , N S first increase quickly and then slowly, indicating that the impact of p decreases as p increases.
The relationship between the percentage of N I , N S and the number of sender cells is presented in FIGURE 11 . The impact of cell mobility is also shown in the results.
We randomly choose the positions of sender cells in each simulation. We can see that the percentage of activated cells increases in all cases of v = 0µm/h to 30µm/h if we employ more sender cells. We also find that the impact of cell mobility becomes smaller as the number of sender cells increases. In addition, difference |N S − N I | becomes smaller when we have more sender cells, a possible reason is the transporting saturation of Ca 2+ signals in the network.
VII. CONCLUSION
In this paper, we investigated Ca 2+ signaling of molecular communication from a multimedia view in cellular networks. Behaviors of Ca 2+ signaling in cellular network is jointly impacted by various parameters of intracellular oscillation, gap junctional transmission, external diffusion and decaying factors. Cellular mobility determines the topologies of networks, further regulates the propagation of Ca 2+ signals. Two transmission forms of Ca 2+ signaling in the multimedia theme exhibit different performance. Based on the statistics of the simulation results, it seems that concentration transmits farther than waveforms in cellular network. In future work, we will study the performance of Ca 2+ signaling in noisy cellular network. We will also study the capacity and delay of Ca 2+ signaling. In addition, biological experiments will be designed to validate the theoretical conclusions.
